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must rise until the rate of radiation is equal to the
power supplied. Where the power is large, as in a
transmitting valve, the temperature of the anode will
be high, unless the anode has a very large surface area.
The upper limit of temperature which is possible is,
of course, the melting point of the metal. The metal
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FIG. 2.—Dissipation of energy by anode.

most commonly employed is nickel, the melting point
of which is about 1 720° K. It is important to know
the number of watts per square centimetre which can
be dissipated by a nickel anode, without raising it to
a temperature which is dangerously near to the melting
point. Information on this point was obtained in the
experiments on the temperature of emitting filaments

described above. For the larger emission currents
employed the anode was raised to a red heat, and
pyrometer observations were made to determine its
temperature. The anode current and voltage were
measured at the same time, and the area of the anode
was known. It was therefore possible to plot a curve
to show the relation between the temperature and the
watts dissipated per square centimetre of anode surface.
This curve is shown in Fig. 2.

It is very difficult to obtain accurate observations
of the anode temperature near the melting point of
nickel, owing to the rapid blackening of the bulb at
such temperatures. Thus the temperatures recorded
in Fig. 2 are almost certainly too low. It is also
necessary to point out that a nickel anode does not
radiate as a perfectly black body, so that the pyrometer
temperatures require to be corrected. In order to make
this correction a knowledge of the emissive power of
nickel is required, and, since no information on this
point was available, a rough correction was made by
assuming that the emissive power of nickel for the
wave-lengths transmitted by the optical pyrometer is
the same as that of tungsten, for which observations
by Worthing * are available. Thus the temperatures
recorded in Fig. 2 are only very roughly true tem-
peratures on the Kelvin scale. Nevertheless, for pur-
poses of valve design, the results are useful as a guide
to the power which a nickel anode of given size is capable
of safely dissipating.

In conclusion I desire to thank Professor Sir J. J.
Thomson for his kindness in allowing these experiments
to be carried out in the Cavendish Laboratory.

* Physical Review, 1917, ser. 2, vol. 10, p. 377.

DISCUSSION.

Professor C. L. Fortescue : Although the fact
that the act of switching-on the anode potential changes
the temperature of the filament has been known for
some time, this is, so far as I am aware, the only occasion
on which accurate measurements have been made.
I think it is impossible but to admire the accuracy with
which the author has obtained these results. In Fig. 1
the temperatures are measured by pyrometrical methods,
and a large number of readings are obtained which give
good curves over a range between 2 500 and 2 550° K.
It is, however, a great pity that the author did not show
us the actual dots or crosses from which those curves
are plotted, as I believe that they are very consistent.
The distribution as shown in Fig. 1 is a matter of very
considerable practical importance. It is a question,
for instance, which has to be considered very carefully
in taking the characteristics of a large transmitting
valve. Usually the filament-current ammeter is put
in the positive filament lead, but as a general rule
corrections for the distribution of the current along the
filament are not made in taking the characteristics.
I have taken a number of characteristics, as a matter
of fact, in which I have introduced such a correction,
worked out on the assumption that the electron emis-
sion is uniform over the length of the filament. If
that is done, the characteristics are quite noticeably
different from those which are obtained if the current

in the positive filament lead is simply kept at a constant
value. Perhaps the author will state what should be
the correct value for the current when the characteristic
curves are being taken. Then, again, it is a matter of
practical importance to know the peak value of the
temperature. When the filament of a valve fails,
the break often occurs towards the negative end. This
may be, of course, partly due to the fact that the
bombardment by positive ions (if these are present)
is heavier at the negative end ; but I think it may
also be due to the fact that the temperature there is
appreciably higher, at any rate in all valves giving a
large emission current. The curves in Fig. 1 enable
us to form some estimate of what these differences of
temperature are likely to be, and for that reason they
are of considerable value in designing filaments for
transmitting valves. With regard to Fig. 2, which
shows the dissipation of energy from the nickel anode,
I am not quite clear whether the filament watts have
been allowed for or not. I do not know what the
filament currents were, but I should think that the
power in the filament would very likely be of the order
of 10 or 15 watts.

Professor G. W. O. Howe : I am very pleased to
support Professor Fortescue's expression of the impor-
tance of the work which lies behind this paper. Everyone
who has thought about the careful plotting of character-
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istic's of valves has, I am sure,-felt worried about the
filament current. One is always told to keep the filament
current constant, because it is known that the character-
istics depend very much on this being done ; but the
doubt always arises as to exactly which current has
to be kept constant. I have made various experiments ;
I have tried putting ah ammeter both in the positive
and in the negative side, and have tried to keep the
average of the two constant, and I have tried bringing
in the anode tapping in the middle of the filament
battery, and not on one side, without, however, coming
to any very definite conclusion as to what should really
be kept constant. But there is no doubt that in giving
characteristics of valves to a high degree of accuracy
it should be definitely stated what is kept constant,
and where the filament ammeter is placed. This
paper reminds me of a suggestion which I made some
months ago in the discussion on Professor Fortescue's
paper on amplifiers. It was stated that the efficiency
obtained from amplifiers did not agree with that predicted
from the static characteristics, and I suggested that
the dynamic characteristics of a thermionic valve might
differ from the static characteristic, because during
the high-frequency cycle the temperature of the filament
could not change on account of the thermal capacity,
whereas, when the static cycle is being plotted, the
temperature of the filament changes for every new
point on the characteristic curve. Thus, during the
high-frequency oscillation the filament will maintain
approximately a mean value. This paper tends rather
to strengthen one's belief in that explanation. I am
somewhat worried about the table on page 428. The
author refers to the average temperature of the filament,
but I find it rather difficult to form any accurate opinion,
or any opinion at all, from these figures as to the change
of temperature. The difficulty lies in determining
to what extent the decrease of current in the first case
from 4-388 to 4-2 amperes is due to the mere anode
current passing in the reverse direction through the
ammeter, because it will be noticed there that the
emission current is very large ; it is 0 • 48 ampere ; that
is to say, there is an emission current of 0-48 ampere
which has to be superimposed partly in the left-hand
and partly in the right-hand limb of the valve, and
the total reduction noticed in the right-hand side is
only 0-18 ampere. I do not see how any opinion can
be formed from these figures as to there being any
change in the resistance of the filament, and I should be
glad if the author would throw a little more light on
that point.

Mr. L. B. Turner : The author has pointed out that
two opposing temperature effects occur when the
electron current between filament and anode is set
up by switching on the high-tension (anode) supply.
First, the increase of current flowing in the filament
near the negative end is accompanied by an increased
production of heat in that portion ; and secondly, the
emission of electrons from the filament involves a
disappearance of heat corresponding to the latent
heat of evaporation. Commonly, the first effect is
greater than the second, and the temperature rises.
I should like to know whether it is not at least conceivable
that the first effect might be less than the second, the

anode current then producing everywhere in the fila-
ment a fall of temperature. The phenomenon might
be expected in cases where the filament is unusually
dull or has an unusually high latent heat.

Dr. J . H. Vincent : Will the author give us his
advice on the following matters ? What does he
consider to be the best procedure to adopt in coupling
up a normal oscillating circuit so as to stand the best
chance of keeping the filament current steady (I should
like him to put upon that word " steady " the inter-
pretation that he considers best, because it is not at
all clear to me what we are really to aim at in this matter).
I imagine that we want to get the most uniform distribu-
tion of temperature along the filament. If that is so,
it appears that the normal procedure in the past has
been wrong, but I am not at all sure about that, and
for this reason I should like further information on
the point. As regards the last section of the paper,
it seems to me that in this case, too, we ought to have
a double effect due to the electrons which leave the
filament getting caught by the anode. Then I presume
they will warm the anode both through bombardment
and also through absorption. I imagine that there
ought to be some way of distinguishing or separating
these two effects, as it has proved possible to do in the
case of the filament.

Mr. R. C. Clinker: I should like to mention two
points in connection with the paper. I presume the
conditions are quite different when alternating current
is used to heat the filament from those which prevail
with direct current. Certainly that will give a more
equal distribution of temperature, because both ends
will be negative in turn, so that the heat distribution
will be much more uniform. I should also like to ask the
author whether, in Fig. 2, the anode watts per square
centimetre refer to the external surface only or to the
internal surface as well. I understand that a cylinder
was used, and not a plate.

Mr. J. W. Ryde : The author in his previous paper
on the tungsten filament mentions that there was a
discrepancy between his scale of temperatures and that
given by Langmuir. This also applies to the scale in
Fig. 1 of the present paper. If we compare the tempera-
tures on the two scales for the same value of watts per
centimetre, it will be found that the difference is of the
order of 100 degrees, the author's figures being the
lower. Some experiments carried out by Mr. Gossling
and myself at the Research Laboratories of the General
Electric Company, London, throw some light on this
discrepancy. It is well known that the image of a
small bright object appears broadened on the retina
due to irradiation, and its apparent intrinsic brilliance
is reduced in consequence. From this it follows that,
if we are determining the temperature of a fine filament
by matching it against a broad sector, as in the Cambridge
optical pyrometer used by the author, its temperature
will appear too low. In order to determine the magni-
tude of the effect, a carbon strip about 3 mm. broad
was mounted in an exhausted bulb so that it could be
heated electrically. This strip was placed behind the
filament being experimented upon, in such a way that,
on looking through the pyrometer, the strip could be
seen with the filament crossing it, and also so that either
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the strip or the filament could be independently matched
against the sector. The filament was first glowed and
its apparent temperature read from the pyrometer,
then the carbon strip acting as background was heated
up until the filament disappeared. The temperature
of the strip was then determined by matching it in-
dependently against the sector in the pyrometer. In
this way, two values for the temperature of the filament
were obtained, the former being affected by irradiation,
and the latter being free from it. After making the
necessary corrections for glass absorption and the
emissivity of tungsten, it was found that up to a tempera-
ture of 1 500° K. the effect of irradiation was to reduce
the temperature readings by 60 degrees. At tempera-
tures up to 2 300° K. the difference amounted to about
100 degrees. As the diameter of the filament employed
was the same as that used by the author, this effect
satisfactorily accounts for the discrepancy between
the two temperature scales. The pyrometer employed
by Langmuir would be relatively free from the effect.

Mr. J. Scott-Taggart: With reference to the portion
of the paper where the author discusses the effect of
the anode current adding itself to or subtracting itself
from the filament current, an interesting experiment
consists in putting one ammeter in the negative side
and another in the positive. A key is in the anode
circuit. With the key up, that is to say, with the anode
current not flowing, both ammeters register the same
current. On depressing the key, however, the two
change ; one increases in value due to the anode current,
while the other decreases. This experiment is a method
of showing the effect which is comparable with the
experiment that we have seen to-night. When the
anode current is actually flowing, perhaps the best
method of measuring the actual filament current would
be to take the mean reading of the two ammeters.
This effect of heating the filament more strongly at the
negative end has, of course, a very important bearing
when dealing with transmitting valves, and several
methods have been suggested of overcoming it. Mr.
W. C. White, of the General Electric Company, has
suggested the use of alternating current, and making
a connection to a tapping half way along the trans-
former winding. Captain Round has also suggested
the use of a tubular cathode heated by means of hot
wires passing through the centre of it, and others have
also suggested passing a filament through a cylinder
or other form of cathode, and allowing a bombarding
current to heat up the cathode. It then takes the
place of the ordinary filament. Both these arrange-
ments overcome the trouble of the heating up of one
end of the filament. There is one point in connection
with the heating of the filament, and that is that most
of the electronic current comes from the negative end,
because the anode has a higher potential to the negative
end than it has to the positive end. Consequently
we would expect a greater withdrawal of elections
from that end, and a consequent tendency to cool
which would lessen the tendency to heat up. There
is another question which I should like to ask, and that
is as to the effect of applying the anode voltage : What
effect has that on the actual electronic emission due
to the adding of the electronic current to the filament

current ? Obviously, one half of the filament is heated,
and the other i6 cooled. Is the resultant effect, the
establishment of an unchanged electronic current from
the filament ? A practical point of value of the horse-
shoe filament in transmitting valves is that the electronic
emission is fairly uniform along its whole length, because
the negative end is hotter and the positive end is cooler,
and these two ends come together at one end, while the
middle of the filament is at the other, so that the
electronic emission from the whole length of the fila-
ment is comparatively uniform.

Dr. W. H. Eccles : I might mention one thing which
has occurred to me and is of interest to physicists. If
we look at the curve marked t = 0 in Fig. 1 we find
that it is nearly symmetrical. Now one of the standard
methods of measuring the Thomson effect of a metal,
that is to say, the specific heat of electricity, is to take
a uniform wire of the metal, heat it by a current, and
observe the lack of symmetry of temperature along
the wire. We have to accept this inner curve of Fig. 1
as showing that the asymmetry caused by the specific
heat of electricity in tungsten is of no account as com-
pared with the effects of the latent heat of the electricity
leaving the metal.

Mr. E. V. Appleton (communicated) : The paper
deals with a problem of direct interest to those con-
cerned with the physics of the thermionic triode. In
practice, radio-telegraphic workers deal with filaments
the electronic emission of which is actually collected,
and thus, if the emission varies with the value of the
anode current, they deal with filaments of varying
emission. Dr. van der Pol and myself have recently
had to consider the same problem in connection with
the study of some anode-current oscillograms of a
low-frequency triode generator and, as the conclusions
reached are different from those in the paper, it may
be of interest to consider the points of divergence. The
chief interest of the present experiments to radio-
telegraphic workers naturally lies in the answer given
to the question : Does an increase in the anode current
of a typical triode (e.g. R type) produce a greater or
reduced filament emission ? In the case of a filament
3-5 cm. long and 0-0088 cm. in diameter the answer
given in the paper is that the emission is markedly in-
creased by closing the anode circuit. The conclusion
reached by Dr. van der Pol and myself is that exactly
the reverse happens and that the filament as a whole
is cooled, resulting in a reduced emission. Some experi-
ments carried out by Dr. Owen * and Mr. Archer seem,
in my opinion, to support our result, as they found
that the anode current fell in value after closing the anode
circuit. Whether the filament is cooled or heated
depends, of course, on the size of the filament and on
the filament voltage ; but as the filament mentioned
in the present paper is very similar to that of an ordinary
R-type triode the marked difference between the results
is curious. It may be that the author would have
observed a reduction in emission if he had not made
the readjustment of filament current each time after
closing the anode circuit. It may be noted that no
such alteration of filament current is made in actual
practice, e.g. in plotting static characteristics. If this

• Proceedings of the Physical Society, 1921, vol. 33, p. 104.
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were the case, the general statement in the summary
regarding the effect of anode current on filament emission
would have to be further qualified. In section II the
deductions made from the figures in the table seem to
be hardly permissible. Because the reading of an
ammeter placed in the positive limb of a filament falls
on closing the anode circuit it cannot be said that the
filament resistance is increased. If the ammeter had
been placed in the negative limb, an increase in the
reading would have been found, and thus, arguing in
the same way, it would have to be assumed that the
filament resistance is reduced and that effect (a) is
greater than effect (b) [see section I]. The truth seems
to be that no such simple experiments as these can give
us any information as to the. alteration of filament
resistance. Much depends on the value of the resistance
of the filament rheostat as compared with that of the
filament; but the decrease in filament current shown
by columns 3 and 4 might be wholly due to emission
current, and not to alteration in filament resistance.
Some experiments which I have recently carried out
show that with a filament 35 cm. long the reduction in
the reading of the ammeter on the positive limb is due
wholly to the emission current ; also, the filament
resistance is actually reduced. Confirmation of this was
obtained from a separate oscillograph experiment, in
which evidence for reduced emission was again found.

Mr. G. Stead (in reply) : The curve shown in Fig. 2
gives the anode watts dissipated per square centimetre
of anode surface, and no allowance has been made for
filament watts. In order to obtain total watts per
square centimetre it is necessary to increase the ordinates
of the curve by 1 • 33 watts at 1 200° K. and 1 • 56 watts
at 1 620° K. The anode watts per square centimetre
are calculated on the assumption that the radiation
takes place only from the external surface of the anode.

Professor Fortescue and Professor Howe desire to
know what should be done with the filament current
when taking characteristics. Static characteristics are
drawn in order that they may be used to predict the
probable behaviour of a valve in a given circuit. Now
when a valve is generating oscillations nothing remains
constant in the filament circuit except the voltage of
the filament battery and the resistance of the rheostat,
if one is used. It seems to me, therefore, that the same
quantities ought to be kept constant when taking
characteristics. Moreover, they ought to have the same
value in both cases, for it is clear that when a 4-volt
battery is applied direct to the filament the conditions
are not the same as when a 10-volt battery is applied
through a suitable resistance. In the former case
any change in filament resistance due to electron
emission would produce a maximum effect on the
current supplied by the filament battery. I suppose
that if a 4-volt filament were heated by a 200-volt
supply any changes which occurred in filament resistance
would be almost negligible compared with the resistance
of the rheostat, and so the current supplied by the
filament battery ought to remain sensibly constant.
So far as I can see, instructions to keep the filament
current constant are meaningless, unless by " filament
current " we understand " current supplied by filament
battery," for the actual current through an emitting

filament must of necessity be different in different
elements of the filament.

Dr. Vincent suggests that the normal procedure of
connecting the negative end of the high-potential
battery to the negative end of the filament is not a
good one. From the point of view of filament life this
is no doubt true, for in this way the temperature of
the negative limb of the filament is increased to the
maximum possible extent. If connection were made
to the positive end the negative limb would heat up to
the minimum extent, but the positive limb would cool
to the maximum extent. It seems likely that if connec-
tion were made at a suitable point in the filament
battery, the increase in emission due to the heating of
the negative limb might be just compensated by the
diminution in emission due to the cooling of the positive
limb. Dr. Vincent's suggestion, that the warming
up of the anode when subjected to electron bombard-
ment must be due partly to the giving up of the latent
heat of the absorbed electrons, has been shown by
Richardson and Cooke to be correct (see " Emission of
Electricity from Hot Bodies," p. 172).

I think there is no doubt that Mr. Turner is right in
suggesting that electron emission may either raise or
lower the average filament temperature according to
conditions. I have seen a number of Mr. Appleton's
oscillograms, and agree with him that they point to
a cooling of the filament under the conditions of his
experiments. I should like, however, to suggest one
possible reason why pyrometer observations may give
results differing from Mr. Appleton's conclusions. The
emission from a filament is controlled by its surface
temperature, and not by its average temperature.
Now, of the two effects of electron emission, the cooling
due to latent heat must initially be confined to the sur-
face layer, whilst the heating due to the extra current
in the negative limb will take place throughout the
volume of the filament. It seems quite likely, therefore,
that the immediate effect of switching-on the anode
potential will be a sudden chilling of the filament sur-
face, with a corresponding lowering of emission, even
though the equilibrium conditions attained somewhat
later correspond to an increased emission. If this is
so, dynamical experiments such as Mr. Appleton's
might indicate a fall of emission, although statical
observations with a pyrometer would show that the
emission ought to increase.

From the remarks made by Professor Howe and Mr.
Appleton on the table given in the paper, I fear that I
have not made my meaning quite clear. I wrote that
the filament resistance " appears" to be increased,
meaning thereby that a diminution in current when the
electromotive force is constant looks like an increase
in resistance, at first sight, and, if so, effect (b) is larger
than effect- (a). However, I pointed out at once in
the next sentence that some of the observed effect
must be due to a different cause. I included the table
in the paper, first, because it gives an idea of the order
of magnitude of the effect in the case of typical large
and small valve filaments ; and secondly, because, in
point of fact, it represents the actual starting point
of the work described in the paper, and is therefore
historically interesting to me, at least.


